Effective dose
Introduction
It is well known that most natural materials such as sand, soil, cement and rock, etc., used as building materials for construction of houses and buildings, etc originate from different rocks and earth's crusts. Such materials are often rich in different naturally occurring radioactive elements. Concentrations of radionuclides present in building materials vary depending upon the local geological conditions (Iqbal, Tufail, & Mirza, 2000; Tennisseen, 1994) . The building industry also uses large amounts of waste from other industries (UNSCEAR, 1982) . These construction materials may cause radioactivity to be significantly higher than background levels (OECD, 2009; UNSCEAR, 1982) . Long exposures to low levels of ionizing radiation can seriously increase health risks to humans (ICRP, 1990) . The study of alpha activity in building materials is very important because alpha radiation is 1000 times more carcinogenic than gamma radiation (Ghosh, Deb, Bera, Sengupta, & Patra, 2008) . Knowledge of the natural radioactivity in building materials as a main continuous source of indoor radiation exposure is essential in the assessment of population exposures because 80%of their lifetime is spent in indoor air (Stoulos, Manolopoulou, & Papastefanou, 2003; Zikovsky & Kennedy, 1992) . Radon-222 formed from radium ( 226 Ra), is a noble gas with a half-life of 3.8 days, may be released from ground, rocks and also from building materials, and accumulate (Rawat, Jojo, Khan, Tyagi, & Rajendra Prasad, 1991) , with its short lived progeny in the atmosphere inside of the dwellings. Inhalation of 222 Rn and its short lived daughters has been linked to lung cancer in humans. When radium decays in soil grains, the resulting atoms of the radon isotope escape from the mineral grains to the atmosphere. The rate at which radon escapes or emanates from the soil is termed the radon emanation rate or the radon exhalation rate. Radon exhalation is a complex phenomenon depending upon a number of parameters such as radium content in soil, soil morphology, soil grain size, soil moisture, temperature, atmospheric pressure, and rainfall (Khan, Srivastava, & Azam, 2012) . Such studies can be useful for the assessment of public radiation dose and performance of epidemiology as well as for keeping reference data records, to ascertain changes in the environmental radioactivity due to industrial, nuclear and other human activities (Singh, Singh, Singh, & Bajwa, 2009 ). With the above important points in mind, a study was undertaken for the assessment of natural distribution of radium content, alpha index and radon exhalation rates (both surface exhalation and mass exhalation rate) of the building samples collected from the southwestern part of the regions of Saudi Arabia. The surveyed area is located in the region of Jizan in the south west of KSA as shown in Fig. 1 . This is situated between 16 53 0 N latitude and 42 34 0 E longitude and lays on the Red Sea. Jizan experience the following two seasons: A hot and humid summer (MayeOctober) and moderate winter seasons (NovembereApril).
Studying the radon emanation from building materials with electronic equipment may be difficult and expensive; because of the low level of emanation from the material long term measurements are essential and very few can be made in a reasonable time, so the method based on the use of solid state nuclear tracks detectors (SSNTD) is probably the most widely applied for long term radon measurements. In the present study, the Can-technique was used to measure the exhalation rates of radon, the radium contents, the alpha index and the annual effective dose of some building materials used locally in Saudi Arabia.
Materials and methods
Twenty one samples of building materials were collected from the study area containing 11 slab samples and 10 powder samples. A passive method using CR-39 plastic detector, as a solid state alpha-track detector was developed for measurements of radon exhalation rate of samples of building materials. The CR-39, having a thickness of about 500 mm, is a very useful material for the registration of alpha particles (Maged & Ashraf, 2005) . The tracks detected by these plastic detectors are not directly visible and have to be enlarged by adequate chemical processing. CR-39 was cut into 1.5 Â 1.5 cm 2 pieces and adhered to a plastic can of known dimension (7 cm diameter and 11 cm height) (Chen, Weng, & Chu, 1993; Somogyi, 1986) . Two types of experiments for measurements of radon exhalation rates of building materials were used:
(1) The can was placed on some building parts, such as marble, red brick, tiles, concrete block and ceramic Fig. 1 e Map showing the study area in Jizan province.
J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 5 1 6 e5 2 2 samples. These samples were washed, cleaned, dried and used without crushing as used naturally. The contact between the chamber and the building parts was sealed with silicon. (2) The powder samples were used in its natural form, a dried and sieved sample was placed at the bottom of a cylindrical sealed can. The mouth of the cylindrical can was sealed with a cover and fitted with CR-39 plastic track detectors at the top inner surface so that they were facing the specimen (Abu-Jarad, Fremlin, & Bull, 1980; Khan, Prasad, & Tyagi, 1992; Mahur, Khan, Naqvi, Prasad, & Azam, 2008) . The detector records the tracks of a-particles emitting from the decay of radon in the whole volume of the can and also from 218 po and 214 po deposited on the inner wall of the Can. Radon and its daughters will reach an equilibrium concentration after a week or more. Hence the equilibrium activity of the emergent radon could be obtained from the geometry of the Can and exposure time (Rawat et al., 1991) . The detectors were exposed for a period of about 2 months.
To make the alpha-tracks visible under microscope, the retrieved films were chemically etched at 6 M KOH solutions at a constant temperature of 70 C for 6 h (Amin & Eissa, 2008) . A mild stirring during the etching, was maintained using a magnetic stirrer for removal of the 'etch product layer' from the detector surface, and thereby the adverse effect of this 'shield' on the etching process was avoided (Barooah, Goswami, & Laskar, 2009) . After etching, the detectors were removed and cleaned using 0.1 M HCl at 70 C once and deionized water twice. The detectors were then wiped clean using isopropyl alcohol wipes and stored in sealed bags for track counting. The tracks were counted using an optical microscope at a magnification of 400Â.
Theoretical considerations

Calculation of radon exhalation rates
The radon concentration in the closed can reached secular equilibrium (is a situation in which the quantity of a radioactive isotope remains constant because its production rate) within several half-lives of radon. It should be noted that the radon exhalation rate is constant, whereas the radon concentration reaches a maximum value that depends on the exhalation rate. The passive radon detector can be used to measure the accumulated activity and then to evaluate the average radon exhalation rate in terms of area and mass was obtained from the expression (Amin, Mansy, Eissa, Eissa, & Shahin, 2008):
where E A is the surface areal radon exhalation rate (Bq m Rn with the relation:
This formula is also modified to calculate the radon exhalation rate in terms of mass (Bq kg À1 h
À1
) (Rafique et al., 2011) :
where E M is the radon exhalation rate in terms of mass (Bq kg À1 h
) and M is the mass of the sample (kg).
Estimation of the effective radium content
The effective radium content in the soil samples was determined using a track detection method (Somogyi, 1986 it is reasonable to assume that an effective equilibrium (about 98%) for radiumeradon members of the decay series is reached in about three weeks; one may use the analysis of the radon alpha activity for the estimation of the steady-state activity concentration of radium. After the sealing of the can, the activity concentration of radon begins to increase with time T as follows:
where C Ra is the effective radium content of the soil sample. This effective radium content of a specimen in a sealed-can can be estimated as (Amin et al., 2008) :
where h is the distance between the detector and the top of the solid sample in m, r is the counted track density (in T cm Rn radioactive decay). Building materials therefore cause an excess in indoor air radon concentration, which can be described with the equation (Gupta, Mahur, Sonkawade, Verma, & Prased, 2010) : , and l V is air exchange rate h À1 . In these calculations, the maximum radon concentration from the building materials was assessed by assuming the room to be a cavity with the ratio S/V ¼ 2.0 m
À1
, and the air exchange rate l v is 0.5 h
. The annual exposure to potential
alpha energy E p (effective dose equivalent) is then related to the average radon concentration C Rn by the following expression (Gupta et al., 2010) :
where, C Rn is in Bq m
À3
; n, the fraction of time spent indoors taken as 0.8; 8760, the number of hours per year; 170, the number of hours per working month and F ¼ 0.4 is the equilibrium factor for radon. From radon exposure, the effective dose equivalents were estimated by using a conversion factor of 6.3 mSv (WLM)
À1 (ICRP, 1987) .
Alpha index
Several indexes dealing with the assessment of the excess aradiation due to the radon inhalation originating from the building materials (called ''alpha-indexes'') have been developed. In the present work, the alpha-indexes were determined through the following formula (Rafique et al., 2011) :
The recommended exemption and recommended upper levels of 
Results and discussion
All of our experimental results are reported in Tables 1e2. These tables show the radon activity concentrations, the surface and mass exhalation rates, the radium equivalent contents, the annual effective dose equivalents, alpha index and emanation power factor for some building materials, that is solid slab and porous powdery samples. These building materials are usually used in construction in some regions of Saudi Arabia. Radon concentration from the solid slab samples is found to vary in the range of 34.3e220.9 Bq m À3 with an average mean value 83.4 ± 2.9 Bqm
À3
. Those of the powdery samples varied from 90.9 ± 3.6 to 1079.8 ± 43.2 Bqm
, with a mean value of 406.7 ± 16.3. Radon concentration in dwellings depends partly on the type of building material. It appears clearly from the obtained values of radon concentration of sand, concrete blocks and cement, that they would present a higher indoor radon concentration if were used together for construction. The radon surface exhalation rates in terms of area from the solid slab samples varied from 29.7 ± 2.4 to 224.8 ± 24.3 mBqm À2 h
À1
, with a mean of 79.6 ± 8.7 mBqm À2 h
, whereas the exhalation rates from the powdery samples varied from 71.5 ± 4.3 to 998.9 ± 49.5 mBqm À2 h À1 , with a mean of 373.6 ± 25.5 mBqm À2 h
. The radon exhalation rate in terms of mass varied from 1.6 ± 0.6 to 16.7 ± 2.1 mBq kg À1 h À1 with a mean of 6.9 ± 1.7 mBq kg À1 h À1 for the porous powdery materials. The values of exhalation rates of building materials vary from one building material to another. This variation may be arisen due to the difference in the nature of the samples, and radium content of the samples because radium is present in varying levels all over the world. The radium content in powdery samples of the study area is found to vary from 0.21 to 2.2 Bq kg À1 with a mean value of 0.92 Bq kg
, whereas in the solid slabs samples this parameter could not be determined. Thus our values for radium content in building materials are less than the permissible value (370 Bq kg À1 ), which is acceptable as a safe limit (OECD, 2009 Rn atoms in those materials. Such determination can be examined by the quality factor, R 2 , obtained from the correlation fit between radium content and exhalation rates in the measured powdery samples. Fig. 2 shows the correlation between the radium concentration in the construction materials and mass exhalation rate and a good linear correlation (R 2 ¼ 0.9997) was obtained. A similar trend was observed between the radium content in the construction materials and the radon surface exhalation rate J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 5 1 6 e5 2 2 (Fig. 3) . The fact that R 2 is not equal to unity is due to certain statistical errors. It can indicate also that minimal radon back absorption into the sample matrix might have occurred. Alpha-indexes of the samples were given in Table 1 (I a ) ranged from 0.0023 to 0.022 for building materials used. All the samples measured showed values below the recommended upper level. These observed values are much less than unity showing that construction materials from this region cannot produce dangerous levels of indoor radon when used as building materials.
To assess the contribution of building materials to indoor radon concentrations, a specific scenario was considered. In this case, a room with an air exchange rate of 0.5 h À1 was assumed as mentioned above. The radon concentration contribution to indoor radon in the room due to exhalation from the solid slabs was found to vary from 0.12 to 0.90 Bqm
À3
. Asbestos samples showed the minimum value while the maximum value from concrete blocks samples. On the other hand, for powdery samples, the radon concentration contribution to indoor radon ranged from 0.29 Bq m À3 (gravel) to 3.99 Bq m À3 (sand).
To evaluate the radiation risk to the inhabitants from domestic exposure due to radon and its daughters can be estimated directly from the effective dose equivalents. This risk was based on the calculations of radon exhalation rates. The annual effective doses for slab solid samples yielded values of (3.3e25.2 mSv/y) with a mean value of 8.9 mSv/y. The lowest values of the annual effective dose were asbestos while the highest dose came from concrete block. On the other hand, for powdery samples, the annual effective doses ranged from 8.1 to 112.2 mSv/y with a mean value of 41.9 mSv/y. The powdery samples giving the lowest values of the annual effective dose was gravel and the highest dose came from sand samples. Finally, the values of annual effective dose reported in the present study conform to the worldwide range.
For the sake of comparison, the recorded values of the radon surface exhalation rate (Bq m À2 h
À1
) and the mass exhalation rate (Bq kg À1 h
) in the building material samples ).
J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 5 1 6 e5 2 2 with those obtained in other parts of the world are exhibited in Table 3 . Most of the results obtained in the present study are within the international values measured in many countries, while some of the results are higher.
Conclusion
The Can technique using allyl diglycol carbonate (CR-39) is a passive and convenient useful tool for determining the radon exhalation rates as well as the radium contents in some sample of building materials. Rn exhalation rates. The values of radon exhalation rate and radium content are found under the safe limit recommended by Organization for Economic Cooperation and Development. Hence it can be concluded that the study area is safe from the health hazard of radium point of view. It is possible to establish a data base for all building materials available in a local market using this technique with low cost for a large-scale nation-wide indoor radon screening measurement. r e f e r e n c e s Abu-Jarad, F., Fremlin, J. H., & Bull, R. (1980) . A study of radon emitted from building materials using plastic alpha-track detectors. 
